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Abstract
The Arctic is experiencing an increased frequency of extreme events which can cause
landscape-scale vegetation damage. Extreme event-driven damage is an important driver of the
decline in vegetation productivity (termed ‘Arctic browning’) which has become an increasingly
important component of pan-Arctic vegetation change in recent years. A limited number of studies
have demonstrated that event-driven damage can have major impacts on ecosystem CO2 balance,
reducing ecosystem carbon sink strength. However, although there are many different extreme
events that cause Arctic browning and different ecosystem types that are affected, there is no
understanding of how impacts on CO2 fluxes might vary between these, or of whether
commonalities in response exist that would simplify incorporation of extreme event-driven Arctic
browning into models.
To address this, the impacts of different extreme events (frost-drought, extreme winter
warming, ground icing and a herbivore insect outbreak) on growing season CO2 fluxes of Net
Ecosystem Exchange (NEE), Gross Primary Productivity (GPP) and ecosystem respiration (Reco)
were assessed at five sites from the boreal to High Arctic (64◦N-79◦N) in mainland Norway and
Svalbard. Event-driven browning had consistent, major impacts across contrasting sites and event
drivers, causing site-level reductions of up to 81% of NEE, 51% of GPP and 37% of Reco.
Furthermore, at sites where plot-level NDVI (greenness) data were obtained, strong linear
relationships between NDVI and NEE were identified, indicating clear potential for impacts of
browning on CO2 balance to be consistently, predictably related to loss of greenness across
contrasting types of events and heathland ecosystems.
This represents the first attempt to compare the consequences of browning driven by different
extreme events on ecosystem CO2 balance, and provides an important step towards a better
understanding of how ecosystem CO2 balance will respond to continuing climate change at high
latitudes.
1. Introduction
Rapidly rising temperatures in Arctic regions
are causing extreme events to occur more fre-
quently (Jentsch et al 2007, Bokhorst et al 2009,
Vikhamar-Schuler et al 2016). These can cause veget-
ation damage and mortality at landscape or even
regional scales, as has been observed through plot-
level, regional and remote sensing studies (Beniston
et al 2011; Bhatt et al 2013, Bjerke et al 2014, 2017,
Treharne et al 2020). Extreme events are therefore
recognised as one of the key drivers of declining
biomass and productivity at high latitudes, termed
‘Arctic browning’, which has become an increasingly
important process in Arctic regions in recent years
(Epstein et al 2015, 2016, Phoenix and Bjerke 2016),
adding complexity to the previous decades of green-
ing trends (Myers-Smith et al 2020).
Extreme event drivers of Arctic browning may be
climatic, biological (e.g. defoliating insect outbreaks)
or physical (e.g. fire) (Mack et al 2011, Jepsen et al
2013, Phoenix and Bjerke 2016). In the European
© 2020 The Author(s). Published by IOP Publishing Ltd
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Arctic, themost damaging climatic events are extreme
winter warming, frost drought and ice encapsulation.
Extreme winter warming events involve abrupt tem-
perature increases of as much as 25 ◦C in 24 h, caus-
ing rapid snowmelt and premature loss of freeze tol-
erance in exposed vegetation. A return to sub-zero
winter temperatures then results in freezing dam-
age (Bokhorst et al 2008, 2009, 2010). Frost drought
occurs when vegetation adapted to a stable, insulat-
ing snow cover becomes exposed during winter due
to low snow cover, from low snow fall, melt or high
winds. The resulting transpiration by exposed plant
shoots while the roots remain in frozen soil leads to
desiccation and mortality (Tranquillini 1982, Bjerke
et al 2017, Treharne et al 2019). Ice encapsulation of
plants through snow thaw-freeze and rain-on-snow
events can cause severe damage to vegetation through
a combination of hypoxia, CO2 accumulation and
exposure to greater temperature variability (Hansen
et al 2014, Milner et al 2016), though some species
may be generally tolerant (Preece et al 2012, Preece
and Phoenix 2013, 2014). Changes in winter con-
ditions are also altering the frequency and sever-
ity of biological events, for instance by increas-
ing population outbreaks of defoliating insects, such
as the caterpillars of the geometrid moths Epir-
rita autumnata and Operophtera brumata (Callaghan
et al 2010, Jepsen et al 2013). Higher winter tem-
peratures improve over-wintering egg survival and
facilitate range expansion, increasing the incidence,
intensity and duration of outbreaks (Wolf et al 2008,
Johansson et al 2011).
The damage following such events can be con-
siderable. In 2012 a combination of events caused
Normalised Difference Vegetation Index (NDVI, a
measure of greenness, and a proxy for biomass pro-
duction) across the Nordic Arctic Region (NAR) to
decline to the lowest values ever recorded (Bjerke
et al 2014), while a single event in 2007 caused an
NDVI reduction of more than 25% over >1400 km2
(Bokhorst et al 2009). Such examples, while best doc-
umented in relatively southern regions of the Arc-
tic, have been reported from sub-Arctic to High Arc-
tic latitudes, and are expected to become increasingly
important as the Arctic continues to undergo rapid
climate change (Callaghan et al 2010, Hansen et al
2014, Graham et al 2017).
However, despite the observed scale of event-
driven browning, the consequences for CO2 balance
of climatic and biological extreme events are not well
understood. This is in contrast to a better understand-
ing of the carbon balance impacts of other extreme
event types; notably tundra fire and abrupt perma-
frost thaw (Mack et al 2011, Rocha and Shaver 2011,
Jiang et al 2015, Cassidy et al 2016, 2017, Turetsky
et al 2020). Insect outbreak studies show that brown-
ing linked to defoliation can be decisive in determin-
ing ecosystem carbon sink strength (Kurz et al 2008,
Heliasz et al 2011, Parker et al 2017), and recent work
suggests that climatic extreme events such as frost-
drought and extreme winter warming also have sub-
stantial impacts on CO2 fluxes (Bokhorst et al 2011,
Parmentier et al 2018, Treharne et al 2019). How-
ever these studies remain rare; just one comprehens-
ive, full-growing season assessment has been made of
the impacts of climatic extreme event-driven brown-
ing on GPP, NEE and Reco, finding that both GPP
and NEE in sub-Arctic heathland were reduced by
almost half by combined frost-drought and extreme
winter warming impacts (Treharne et al 2019). One
further study has assessed how browning driven by an
extreme climatic event in a northern peatland affected
eddy covariance CO2 fluxes (Parmentier et al 2018).
This work was challenged by large inter-annual vari-
ability in summer climate, but nonetheless indicated
a 12% reduction in GPP, further highlighting that
browning has the potential to substantially impact
CO2 balance through shootmortality and loss of pho-
tosynthetic area. However, understanding extreme
event browning impacts on CO2 fluxes remains chal-
lenging due to the diversity of event types that cause
browning and the range of different vegetation that
can be impacted.
There is therefore a need to develop a more robust
understanding of event-driven browning impacts on
ecosystem CO2 balance, considering in particular
whether ecosystem CO2 flux impacts are (a) clearly
and predictably related to damage severity and (b)
comparable across different extreme event drivers
and vegetation. In undamaged vegetation of high
latitude ecosystems, linear relationships have been
reported between Leaf Area Index (LAI) as predicted
from NDVI, and GPP and NEE across multiple veget-
ation, allowing considerable simplification in quanti-
fying ecosystem productivity across the Arctic (Street
et al 2007, Shaver et al 2007). However, it is not clear
whether these relationships will be maintained in
vegetation exposed to extreme events, as evidence
suggests that in some cases negative physiological
effects following an event can impact ecosystem CO2
fluxes without a clear, corresponding change in veget-
ation greenness (Bokhorst et al 2008, Treharne et al
2019). Identifying such emergent relationships that
work across different extreme event drivers and veget-
ation (where these relationships exist) is an important
step towards determining the implications of Arctic
browning for CO2 balance at regional or greater scales
(Beniston et al 2007, Graham et al 2017).
To address these issues, we assessed the impacts
of extreme event-driven browning on growing sea-
son CO2 fluxes in widespread, yet contrasting, heath-
land vegetation types affected by different browning
drivers. Five sites along a 1600 km latitudinal gradi-
ent, spanning 15◦ of latitude, allowed us to capture
emergent variation and commonalities in response
in boreal, sub-Arctic and High Arctic regions, cover-
ing extreme winter warming, frost-drought, ground
icing and insect outbreak as the drivers of damage.
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Table 1. Summary of sites.
Name of site Latitude (◦N)
Ecosystem
type
Dominant heathland
species Browning driver Years of damage
Flatanger_B_WW 64.4 Boreal Calluna vulgaris Primary: extreme
winter warming.
Secondary: frost
drought
Winter 2013–2014
Storfjord_S_FD 69.3 Sub-Arctic Empetrum nigrum Frost drought Winter 2011–2012
Håkøya_S_IO 69.7 Sub-Arctic Empetrum nigrum Insect outbreak Summer 2014, 2015
Longyearbyen_H_IE 78.2 High Arctic Cassiope tetragona Ice encapsulation Winter 2012, 2015
Ny-Ålesund_H_IE 78.9 High Arctic Cassiope tetragona Ice encapsulation Winter 2012, 2015
Plot-level measurements of NEE, GPP and Reco were
completed at each site at peak biomass across a
range of undamaged to maximally damaged (heav-
ily browned, most shoots dead) plots, while tran-
sects were used to survey site-level damage severity
and scale up plot-level CO2 fluxes across each site. In
addition, plot-level NDVI was recorded at a sub-set
of sites to assess whether clear relationships between
NDVI and ecosystem CO2 fluxes exist in browned
vegetation.
We hypothesised that (i) browning would cause
significant reductions in GPP and NEE across all
sites; (ii) Reco would decrease due to less carbon
available for respiration from lower GPP (though
increased leaf and root litter inputs from recently dead
plants, in contrast, might stimulate microbial activ-
ity); (iii) site-level reduction in GPP and NEE would
decreasewith increasing latitude due to lower leaf area
and productivity of healthy vegetation; (iv) where
measured, clear linear relationships between CO2
uptake (GPP and NEE) and NDVI would be identi-
fiable when incorporating damaged and undamaged
vegetation.
2. Methods
2.1. Study sites
Sites were located in the Norwegian boreal, sub-
Arctic and High Arctic regions (covering latitudes
from 64◦N to 79◦N) in areas known to have exper-
ienced extreme events in the preceding three years
(table 1). Initialsfollowing site names denote region
and primary driver of damage (e.g. ‘B_WW’= boreal,
extreme winter warming). Full descriptions of each
site, and of the extreme event drivers which resulted
in browning, can be found in the supporting inform-
ation (section S1). At all sites, browning was clearly
visible as dead, pale brown or grey shoots (figure S1
(https://stacks.iop.org/ERL/15/104084/mmedia)).
2.2. Ecosystem CO2 flux measurements (NEE, GPP
and Reco)
At each site flux measurements were taken on 12–22
plots. Plots were located to ensure the full range of
browning severity present at the site was sampled.
Measurements were completed in 2015 between 3
June and 17 June at Flatanger (17 plots), 21 June and 5
July on Svalbard (12 and 15 plots at Longyearbyen and
Ny-Ålesund respectively) and between 8 July and 30
July at Storfjord_S_FD and Håkøya_S_IO (21 and 22
plots). While all measurements were therefore com-
pleted close to peak biomass, logistical constraints
on the timing of measurements dictated that this
sampling design may not have captured peak LAI at
each site. LAI may have continued to increase after
our measurements (e.g. Street et al 2007), but taking
later measurements would not have been ideal due to
environmental constraints on photosynthesis and the
greater chance later-season of not having full sunny
days to conduct light response curves.
NEE was measured using a LiCor LI6400 port-
able photosynthesis system (LiCor, Germany) and a
custom 50 × 50 × 25 cm transparent acrylic veget-
ation chamber, with fans mixing the chamber air
(following Williams et al 2006, Street et al 2007). At
sites on Svalbard, a 20 × 20 × 20 cm chamber was
used due to smaller vegetation stature and trans-
port limitations. The chamber was placed on a rigid
frame supported by aluminium poles driven into the
ground. A seal was provided between the chamber
and frame by a rubber gasket, and between the frame
and ground surface by a flexible, transparent plastic
skirt weighted down with steel chains. Photosynthet-
ically active radiation (PAR) was recorded using a
LiCor Quantum sensor mounted inside the vegeta-
tion chamber. Enclosed volume was determined by
using measurements of the height of the frame from
the ground across a grid of nine points to calculate
volume as four hexahedrons in addition to the cham-
ber volume (which sat on top of this frame volume).
Within the chamber, CO2 concentration was meas-
ured every 2 s for 50 s. Where PAR varied by >15%,
measurements were discarded at the analysis stage.
Measurements were carried out at five light levels
(full light, three successive levels of shading and dark)
in a randomised order using optically neutral shade
cloths and tarpaulin to cover the chamber. The cham-
ber was allowed to return to ambient CO2 between
measurements.
Light response curves of NEE and GPP were cal-
culated following Treharne et al (2019). In brief, CO2
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concentration over time was converted to CO2 flux,
allowing the light response of net ecosystem exchange
to be modelled as a rectangular hyperbola with a term
for ecosystem respiration (Reco). This modelled term
was used for Reco. Subtraction of Reco from CO2 flux
measurements enabled a light response curve of GPP
to be fitted, and thus GPP to be standardised at a
PAR of 600 µmols PPFD m−2 s−1 (GPP600). GPP600
represents flux at a medium light level and has been
used previously to compare GPP between vegetation
plots in the field (Street et al 2007, Treharne et al
2019). NEE was also standardised at this light level
(NEE600). Other approaches can be used to interpret
chamber flux data, such as modelling that includes
parametrisation and calibration for individual veget-
ation types (Williams et al 2006) or that work for a
diversity of vegetation (e.g. Shaver et al 2007); these
can have advantages for understanding fluxes from
different vegetation types under different conditions.
Our approach was used since our primary aim was
to compare fluxes at an intermediate light level under
the environmental conditions at the time of measure-
ment, and therefore does not account for (or model)
variation that is caused by e.g. temperature and soil
moisture.
2.3. Visual estimates of browning and NDVI
Percentage cover of dead shoots (‘percentage
browned’), was visually estimated at each plot using
a quadrat matched to the size of the plot along with
percentage cover of dominant species and percentage
of dominant species cover that was browned (termed
‘damage intensity’). Site-level browning was assessed
through simple transect surveys of percentage cover
of dominant species and of browned vegetation using
a 50 × 50 cm quadrat (supporting information,
section S2).
Reflectance data were recorded at each plot in two
sites: Flatanger_B_WW and Håkøya_S_IO. This was
done using a standard DSLR camera (Canon 450D)
in which the usual light sensor was replaced with an
infrared sensor by optics company Llewellyn Data
Processing (MaxMax.com, New Jersey), enabling the
camera to record visible light in the blue channel and
near infrared in the red channel (Llewellyn Data Pro-
cessing, New Jersey). This camera was calibrated by
using a white square to manually set white balance
prior to taking measurements at each site. NDVI was
calculated from reflectance data photos using ENVI
5.2 (Exelis Visual Information Solutions, Boulder,
Colorado).
2.4. Statistical analysis
Linear regression was used to identify relationships
between CO2 fluxes and vegetation damage at each
site. Linear regression parameters were then used to
estimate the site level reductions in CO2 fluxes at
the mean level of damage across each site compared
to undamaged vegetation. At Ny-Ålesund, non-linear
regressions were also fitted using self-starting asymp-
totic models, due to visually apparent non-linearity
in the plotted data. The goodness of fit provided
by linear and non-linear models at Ny-Ålesund was
assessed by using an F-test (analysis of variance) to
compare residual sum of squares, and by comparing
AIC values. All statistical analyses were carried out in
R (R Core Team, 2017).
3. Results
3.1. Impacts of browning on NEE, GPP and Reco
3.1.1. Impacts of browning on C fluxes
Significant linear declines in both GPP600 and NEE600
with increasing percentage browned were identified
at all sites (figure 1, table 2 for statistics). These rela-
tionships explained up to 82% and 61% of variation
inGPP600 andNEE600 respectively (atHåkøya_S_IO).
The negative correlations between percent
browned and GPP600 and NEE600 were steepest at
Flatanger_B_WW, where percent browned explained
65% and 53% of variation in each flux respectively.
The slopes of these relationships were shallowest at
Longyearbyen_H_IE while nonetheless explaining
37% and 32% of variation in GPP600 and NEE600
respectively.
Reco also decreased with percent browned at
all sites except Longyearbyen_H_IE. The negative
relationships between Reco and percent browned
explained between 37% and 59% of variation in this
flux (at Storfjord_S_FD andHHåkøya_S_IO respect-
ively), and were steepest at these sub-Arctic sites,
where Reco in undamaged vegetation was higher than
at boreal or High Arctic sites.
At the High Arctic site Ny-Ålesund_H_IE, lin-
ear regressions of all three CO2 fluxes and percent
browned were significant. However, an asymptotic
regression model provided a better fit for GPP600
(Reduction in RSS = 33.9, F = 7.86, p = 0.015)
and for Reco (Reduction in RSS = 19.67, F = 16.37,
p = 0.001), but was not significantly different to a
linear regression in the case of NEE600. Nonethe-
less, linear regressions were used to estimate site-
level impacts (see below) at Ny-Ålesund_H_IE This
was partly to maximise comparability of estimates
between sites, and partly due to concern that the
accuracy of the nonlinear regressions fitted may be
limited, particularly at low values of percent browned,
by a relative lack of plots with very little damage
assessed at Ny-Ålesund_H_IE, compared to other
sites.
When data from all sites were combined, linear
declines in all measured fluxes with increasing per-
cent browned remain significant (figure S3; GPP600:
R2 = 0.55, p < 0.001, NEE600: R2 = 0.332, p < 0.001,
Reco: R2 = 0.413, p < 0.001). Multiple regressions
of GPP600, NEE600 and Reco against percent browned
and dominant heathland species (Calluna vulgaris,
Empetrum nigrum orCassiope tetragona) explain 69%
4
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Figure 1. Impacts of browning on CO2 uptake (GPP600 and NEE600) and CO2 release (Reco) at boreal (left), sub-Arctic (centre)
and High Arctic (right) latitudes. Vertical dashed lines indicate mean percentage cover of browned vegetation at each site.
of overall variation in GPP600, 63% in NEE600 and
50% in Reco (p < 0.001).
3.1.2. Site level browning and estimated changes in C
fluxes
Substantial and somewhat similar levels of damage
were recorded at all sites. Mean percentage cover of
damaged vegetation (percent browned) ranged from
23% to 48%, with damage intensity (the proportion
of the dominant species showing damage) ranging
from 56% to 80% (table 3, figure S2).
Site-level reductions in CO2 uptake were largest
in absolute terms at Flatanger_B_WW (figure 2).
While reductions were lower at the sub-Arctic insect
outbreak and frost-drought sites Håkøya_S_IO
and Storfjord_S_FD, lower baseline productivity in
the sub-Arctic region meant that these reductions
accounted for the largest proportion of the pro-
ductivity of healthy vegetation, with GPP600 reduced
by 51% and 41% and NEE600 by 81% and 61% at
Håkøya_S_IO and Storfjord_S_FD respectively.
Site-level reductions in CO2 uptake were lowest
at High Arctic ice encapsulation sites, where GPP600
was reduced by 23%–27%. The smaller reductions
here were partly due to lower mean percent browned
values at High Arctic sites; at a percent browned of
50%, GPP600 reductions at Longyearbyen_H_IE and
Ny-Ålesund_H_IE were 36% and 49% respectively,
comparable with values of between 41% and 53% at
the other sites at the same level of browning.
3.2. Relationships between NDVI and fluxes
Strong linear relationships were identified between
GPP600 and NDVI, with NDVI explaining 78%
of variation in GPP600 at the boreal extreme
winter warming site Flatanger_B_WW and 91% at
the sub-Arctic insect outbreak site Håkøya_S_IO
(figure 3(a); Flatanger_B_WW: R2 = 0.783, fit-
ted line: y = 3.537 + 30.158x, DF = 1,15,
p < 0.001, Håkøya_S_IO: R2 = 0.913, fitted line:
y = − 13.381 + 43.801x, DF = 1, 14, p < 0.001).
A significant relationship explaining 49% of vari-
ation in GPP600 was maintained when data from
both sites were combined (R2 = 0.492, fitted
line: y = − 0.2321 + 27.707x, DF = 1, 31,
p < 0.001). Significant relationships between NDVI
and NEE600 also explained 67% and 80% of NEE600
at Flatanger_B_WW and Håkøya_S_IO respect-
ively (figure 3(b); Flatanger_B_WW: R2 = 0.671,
fitted line: y = 1.252 + 22.456x, DF = 1, 31,
p < 0.001, Håkøya_S_IO: R2 = 0.796, fitted line:
y=− 10.775+ 23.844x,DF= 1,14, p< 0.001). A sig-
nificant relationship was maintained when data from
both sites were combined, albeit with lower explanat-
ory power (R2 = 0.223). Relationships betweenNDVI
and fluxes are further supported by the strong linear
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Table 2. Coefficients and summary statistics for linear regressions of percentage cover of damaged vegetation against GPP600, NEE600 and ecosystem respiration at each site.
Flux
Site Gross primary productivity Net ecosystem exchange Ecosystem respiration
Slope Intercept R2 p value RSE Slope Intercept R2 p value RSE Slope Intercept R2 p value RSE
Flatanger_B_WW −0.21 25.10 0.65 <0.001 5.25 −0.15 17.20 0.53 <0.001 4.86 0.06 −7.94 0.42 <0.01 2.24
Storfjord_S_FD −0.18 18.20 0.55 <0.001 5.50 −0.09 7.38 0.43 <0.001 3.44 0.09 −10.80 0.37 <0.01 3.82
Håkøya_S_IO −0.18 17.00 0.82 <0.001 3.03 −0.09 5.24 0.61 <0.001 2.51 0.09 −11.80 0.59 <0.001 2.65
Longyearbyen_H_IE −0.06 8.40 0.37 0.02 2.42 −0.04 3.25 0.32 0.03 1.54 0.03 −5.16 0.09 0.18 1.89
Ny-Ålesund_H_IE −0.10 10.40 0.57 <0.001 2.53 −0.05 4.38 0.44 <0.001 1.64 0.05 −6.00 0.45 <0.01 1.59
6
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Table 3.Mean degree of damage assessed visually across transects at each site, presented as both overall mean percentage cover of
damage and mean percentage of the cover of the dominant species showing damage. Standard error is shown in brackets.
Site
Flatanger_B_WW Storfjord_S_FD Håkøya_S_IO Longyearbyen_H_IE Ny-Ålesund_H_IE
Mean percentage
cover of damaged
vegetation
43 (2.00) 42 (4.48) 48 (2.43) 37 (2.80) 23 (3.27)
Mean damage
intensity (percent-
age of dominant
species showing
damage)
66 (2.48) 51 (4.41) 76 (2.61) 80 (2.31) 56 (3.96)
Total number of 1
square metre plots
surveyed
30 28 12 20 16
Figure 2. Reduction in (a) GPP600 (b) NEE600 and (c) ecosystem respiration at the mean percentage cover of browned vegetation
for each site, arranged from boreal to High Arctic sites running left to right. Bar labels indicate the percentage of each flux in
healthy vegetation at the same site that this reduction represents.
relationship between percentage cover browned and
NDVI (figure S4).
4. Discussion
This first detailed assessment of the consequences for
ecosystem CO2 fluxes of browning resulting from a
range of different extreme event drivers has shown
major impacts on GPP600, Reco and NEE600, repres-
enting a substantial reduction in carbon sequestration
capacity at peak biomass when productivity should
be at its highest. Impacts are comparable across
all event drivers, and their magnitudes are clearly
and predictably linked to the severity of damage,
as measured both by visual observation (percent
browned) and plot-level NDVI (recorded at two
sites). These consistent, linear relationships do not
explicitly take into account factors which are likely to
differ between vegetation types, such as the contri-
bution to CO2 fluxes of non-vascular species which
may be less severely impacted compared to vascular
species (Bjerke et al 2011).Nonetheless, identification
of emergent relationships with NDVI across heath-
land sites indicates potential to assess extreme event
impacts on peak season CO2 fluxes using proximally
or remotely sensed NDVI.
4.1. Impact of damage on GPP and NEE
Reductions in both GPP600 and NEE600 were clearly
and consistently related to the severity of dam-
age across the full range of sites, indicating a high
commonality in the response of CO2 uptake to
7
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Figure 3. Linear correlations between NDVI and (a) GPP600 (Flatanger_B_WW: R2 = 0.783, fitted line = 3.537 + 30.158x,
DF = 1,15, p < 0.001, Håkøya_S_IO: R2 = 0.913, fitted line: y =−13.381 + 43.801x, DF = 1, 14, p < 0.001) and (b) NEE600
(Flatanger_B_WW: R2 = 0.671, fitted line = 1.252 + 22.456x, DF = 1, 31, p < 0.001, Håkøya_S_IO: R2 = 0.796, fitted line:
y =−10.775 + 23.844x, DF = 1,14, p < 0.001).
browning caused by different extreme event drivers.
This consistency was particularly marked between
Håkøya_S_IO and Storfjord_S_FD in the sub-Arctic,
where the regression slopes of NEE600 and GPP600
with percent browned were very similar, despite the
very different drivers and timing of damage at these
two sites (defoliating insect outbreak, 2014–2015, and
frost-drought, 2011–2012). Inter-site differences in
the relationship between CO2 uptake and browning
severity (steeper slopes at more southerly sites) that
were present were primarily driven by differences in
productivity in contrasting heathland types. Brown-
ing severity and corresponding GPP600 reductions
were still high and comparable with more recently
damaged sites at Storfjord_S_FD, even following
three growing seasons of recovery. This suggests a
caveat to previous work reporting quick recovery
from event-driven browning (Bokhorst et al 2012):
where damage is severe and results in extensive mor-
tality, recovery may be slower, allowing landscape-
level consequences for CO2 uptake to persist over
several years.
However, while there was a significant lin-
ear GPP600—percent browned relationship at
Ny-Ålesund_H_IE, a nonlinear model provided a
better fit to the data at this site. This nonlinear rela-
tionship reflects larger reductions in CO2 uptake at
lower levels of percent browned compared with other
sites, indicating that extreme event exposure may
have negatively impacted surviving, green vegetation.
Previous studies have shown that ice encapsula-
tion can have physiological impacts on undamaged
shoots, including reducing flowering and berry pro-
duction in some Arctic species (Preece et al 2012,
Preece and Phoenix 2013, Milner et al 2016). This
nonlinearity between GPP600 and percent browned
may indicate that physiological damage extends to
photosynthetic capacity, reducing CO2 uptake bey-
ond what would be expected based on observed shoot
mortality. This may be linked to the ‘stress response’
observed in surviving vegetation following exposure
to other extreme climatic events, visible as deep red
pigmentation (Treharne et al 2019).
Upscaling browning impacts on GPP600 and
NEE600 to the site-level using damage surveys indic-
ates major overall reductions in productivity, similar
to or greater than those identified by initial assess-
ments of climatic extreme events in similar regions
(Bokhorst et al 2011, Parmentier et al 2018). These
reductions were largest in absolute terms at boreal lat-
itudes, where productivity of undamaged vegetation
is highest, but largest as a proportion of baseline pro-
ductivity at sub-Arctic sites, where heavily damaged
vegetation plots were even converted to a net CO2
source. Although site-level effects of damage in the
High Arctic, where GPP600 was reduced by 23–27%,
were smaller than at other latitudes, these impacts
remain important as the brevity of the growing season
means productivity at peak biomass is particularly
crucial in the High Arctic (Larsen et al 2007). Even
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a relatively small reduction in peak biomass GPP600
may therefore substantially alter annual CO2 balance.
4.2. Impact of damage on ecosystem respiration
As predicted, Reco decreased at all sites with increasing
percent browned (although this was not statistically
significant at Longyearbyen_H_IE). Stable or reduced
Reco following insect outbreak and frost events has
previously been attributed to reduced leaf respira-
tion and root growth, reduced microbial abundance
and activity, and microbial mortality, resulting from
decreased carbon transfer belowground (Grogan et al
2004, Read et al 2004, Christiansen et al 2012, Zhao
et al 2017, Olsson et al 2017, Parker et al 2017). Parker
et al (2017) argue that where increased respiration
is observed following insect outbreak (e.g. Frost and
Hunter 2004), this reflects increased belowground
carbon allocation in an attempt to recover lost nitro-
gen, and is a response to comparatively mild defo-
liation damage. In contrast, Parker et al (2017) also
show that after total defoliation, belowground carbon
allocation decreases, slowing soil processes includ-
ing respiration. The results presented here support
this, further suggesting that climatic extreme events
can result in a similar deceleration of soil processes,
as has previously been indicated by observations of
reduced root and mycorrhizal biomass following an
extreme winter warming field simulation (Bokhorst
et al 2009).
4.3. Relationships between NDVI and CO2 fluxes
Strong linear relationships between NDVI and both
GPP600 and NEE600 were identified at sites where
NDVI was measured (R2 = 0.67–0.91). These were
maintained when data from both sites were com-
bined, although in the case of NEE600 the explanat-
ory power of this relationship was low (R2 = 0.22).
This suggests that with a simple characterisation of
widespread Arctic heathland (e.g. dominant species),
change in NDVI can provide a direct, accurate estim-
ate of CO2 uptake reduction following extreme event-
driven browning. None-the-less, even without know-
ing the identity of the dominant species, an acceptable
estimate of GPP reduction in heathlandmay bemade.
Previous work has found an exponential relation-
ship between NDVI and GPP600, explaining 75% of
variation in GPP600 across multiple Arctic vegetation
types (Street et al 2007). That a linear, rather than
an exponential, relationship is seen in our work may
be linked to consistency in canopy structure and in
photosynthetic activity of healthy vegetation within
the heathland communities considered here (Steltzer
and Welker 2006). Arctic heathland has a relatively
homogenous canopy structure, meaning increases in
greenness reflect proportional increases in leaf area.
In contrast, when a broader range of Arctic vegeta-
tion types is considered, an increase in NDVI from a
low value may correspond to a smaller increase in LAI
compared to the same NDVI increase at higher val-
ues. For example, an NDVI increase from a low value
may reflect increasing total vegetation cover, while an
NDVI increase from a high value is likely to reflect a
greater increase in LAI in a plant community where
the canopy is already closed. As LAI drives GPP, this
means a linear NDVI—GPP600 relationship within
a distinct vegetation type with a homogenous can-
opy structure is consistent with an exponential, pan-
Arctic relationship across multiple vegetation types
and canopy structures.
5. Conclusions
Extreme event-driven Arctic browning caused major
reductions in key ecosystem CO2 fluxes from boreal
to High Arctic latitudes. Relationships between CO2
fluxes and the extent of visible damage were consist-
ent, demonstrating that net impacts are overwhelm-
ingly determined by the severity of damage, regardless
of the cause of browning. Furthermore, clear linear
relationships between CO2 uptake and NDVI high-
light potential to use proximally or remotely sensed
vegetation indices to assess damage impacts on CO2
fluxes in widespread Arctic dwarf shrub heathland.
Given the considerable consequences outlined here
of event-driven browning for landscape CO2 balance,
and predictions for increasing frequency of extreme
events as part of climate change there is a clear need to
build on this work to upscale the impacts of extreme
event-driven browning across Arctic regions, and
incorporate these impacts into predictions of vegeta-
tion change and estimations of carbon balance in the
Arctic.
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